Insulin-dependent diabetes meUitus (IDDM) is an autoimmune disease that results in the destruction of the pancreatic islet 3 cells. Glutamic acid decarboxylase (GAD) has been recently indicated as a key autoantigen in the induction of IDDM in nonobese diabetic mice. In human diabetes, the mechanism by which the 3 cells are destroyed is still unknown. Here we report the first evidence for the presence of GAD-specific cytotoxic T cells in asymptomatic and recent diabetic patients. GAD65 peptides displaying the human histocompatibility leukocyte antigen (HLA)-A*0201 binding motif have been synthesized. One of these peptides, GAD114-123, binds to HLA-A*0201 molecules in an HLA assembly assay. Peripheral blood mononudear cells from individuals with preclinical IDDM, recent-onset IDDM, and from healthy controls were stimulated in vitro with the selected peptide in the presence of autologous antigen-presenting cells. In three cases (one preclinical IDDM and two recent-onset IDDM), we detected specific killing of autologous antigen-presenting cells when incubated with GAD114-123 peptide or when infected with a recombinant vaccinia virus expressing GAD65. These patients were the only three carrying the HLA-A*0201 allele among the subjects studied. Our finding suggests that GAD-specific cytotoxic T lymphocytes may play a critical role in the initial events of IDDM.
I
nsulin-dependent diabetes mellitus (IDDM) is caused by 9 pathological T cell responses that lead to the destruction of 3 cells in the pancreatic islets. Recent studies suggest that MHC class II-restricted CD4 + T cells specific for peptides derived from glutamic acid decarboxylase (GAD65) play a crucial role in the initial phase of IDDM in nonobese diabetic (NOD) mice (1, 2) . GAD-specific CD4 + T cells have also been observed in recent-onset IDDM patients and in relatives of IDDM patients at risk to develop diabetes (3) . In addition to CD4 +, CD8 + T cells have also been shown to be involved in the pathogenesis of the disease. Induction of diabetes in adoptive transfer experiments requires both CD4 + and CD8 + T cells (4, 5) . In addition, CD8 + T lymphocytes were the predominant cells in the inflamed islets of an acutely diabetic patient (6) .
In this study we demonstrate that MHC class I HLA-A*0201-restricted CD8 + CTLs specific for a GAD peptide (GAD114-123) are present in the peripheral blood of subjects with recent-onset IDDM and at high risk to develop IDDM. This peptide is generated by natural processing of human GAD65. GAD-specific CTLs were not found in healthy individuals expressing HLA-A*0201. These findings argue for a critical role of GAD-specific CTLs in the initial events of IDDM.
Materials and Methods
Peptide Synthesis. Nine peptides conforming to the 3,'0201 motif were identified and synthesized by the solid-phase peptide methodology using a synthesizer (Fmoc/tBu chemistry) (431A; Applied Biosystems, Inc., Foster City, CA). Crude peptides were purified by reverse-phase HPLC. The identities of the purified peptides were confirmed by amino acid analysis and fast atom bombardment mass spectrometry. Peptides were dissolved in DMSO at a concentration of 2 raM.
Subjects. Preclinical IDDM subjects (2 female, 2 male, mean age 29.5 yr, range 13-56), defined operationally as asymptomatic, were first-degree relatives of patients with IDDM and were found to have islet cell antibodies at a level ~>20 Juvenile Diabetes Foundation U. Recent-onset IDDM subjects (14 female, 8 male, mean age 25.4 yr, range 14-44) were insulin dependent, having presented with typical clinical features of IDDM in the previous 2 wk. Con-trol subjects were normal volunteers (4 female, 2 male, mean age 32.5 yr, range 26-45). Peripheral blood was taken after informed consent was obtained.
HLA Typing. All of the individuals analyzed were initially HLAtyped by standard serological techniques (7) . To those found to be HLA-A2 + (11 out of 26), the A2 subtypes were assigned according to the hybridization pattern obtained with subtype-specific probes after specific amplification of the A2 locus (8) . Generation of GAD-specific Cytotoxic T Cell Lines. Peripheral blood lymphocytes were separated from whole blood and incubated at 2 x 106 cells/ml in a 24-well plate together with autologous adherent cells (obtained by a 2-h adherence) that had been pulsed overnight with 100/~M of peptides that had bound to HLA-A2 in the HLA assembly assay. The influenza matrix peptide M58-66 was included as control. On day 5, 10 U/ml human recombinant IL-2 (Hoffmann-La Roche, Inc., Nutley, NJ) was added, and CTL assay was done on day 8. 51Cr-labeled PHA-blasts or EBV-B cells were preincubated for 1 h with 25 /~M of peptide and without peptide, and a 4-h assay was done as described (9) . Assays were done at effector to target cell ratios ranging from 100:1 to 1:1.
HLA

Construction of a Recombinant Vaccinia-expressing GAD.
For the production of GAD65 recombinant vaccinia, a full-length human GAD65 cDNA was generated from two overlapping cDNA fragments obtained from A. Lernmark (University of Washington, Seattle, WA). A 5' GAD fragment (contained in clone 11) comprising the translation initiation codon was amplified in 20 cycles using the primers (sense) 5'.CTGGATCCAACCATGGCATCT-CCGGGCTCTG.3' and (antisense) 5'.GTTGGTCTGCCAATT-CCCAATTA.Y. The PCR product was digested with BamHI and PstI, and the resulting 260-bp fragment was used to replace the corresponding fragment in clone 11. After transfer of a 3' XbaI/Bglll fragment from clone 1.9 (containing the 3' fragment of GAD cDNA) into Bluescript SKI I + (Stratagene, Inc., La Jolla, CA), the XbaI site in the resulting plasmid was opened, blunt-ended, and converted into an EcoRl site by linker ligation. The plasmid was then digested with BgllI/KpnI and ligated in a triple ligation to a KpnI/NsiI 5' fragment from the modified clone 11 and to a central NsiI/BgllI fragment from clone 1. IFN-y Production. IFN-y production was evaluated by a solidphase sandwich immunoenzymatic assay as described (11) .
Results and Discussion
GAD65 is highly expressed in the cytoplasm of pancreatic B cells (12) . GAD-derived peptides, therefore, may be presented by MHC class I molecules and recognized by CD8 + T cells on the surface of ~ cells. To test this possibility, we first determined the potential of GAD-derived peptides to bind to HLA-A*0201, an MHC class I molecule with well-characterized peptide binding properties (13) (14) (15) . HLA*0201 molecules bind peptides that are 9 or 10 residues long and contain 2 major anchor residues: either leucine, isoleucine, or methionine at position two, and a hydrophobic aliphatic residue at the COOH terminus. Secondary anchor positions were also identified at positions one, three, and seven. In human GAD65, nine peptides corresponding to the proposed motif were identified. These peptides were synthesized and tested for binding by an HLA assembly assay using the T2 cell line (16, 17) .
T2 cells showed HLA*0201 expression after incubation with peptide GAD114-123 and with the influenza peptide M58-66 used as a positive control (Fig. 1) . We therefore added GAD114-123 peptide to cultures containing PBMC from four individuals with preclinical IDDM, including one expressing A*0201; 22 diabetic patients, including two expressing A*0201; and six healthy A*0201 + donors. 8 d later the cultures were tested for cytolytic activity against peptide-pulsed autologous targets, Peptide-specific cytotoxicity was observed in cultures containing cells from the three A*0201 § individuals with preclinical IDDM and recent-onset IDDM, but not in any other culture. The data shown in Fig. 2 are representative of results obtained with GAD114-123-stimulated cultures from one subject with preclinical IDDM and one patient with recent-onset IDDM. The CTL activity observed from a second patient with recent-onset IDDM was lower but clearly detectable (13% specific lysis at an effector to target ratio of 10:1, 9% at 3:1, and 6% at 1:1) (data not shown). The CTL activity was GAD114-123-specific, since autologous targets incubated with an A*0201-binding control peptide were not lysed (Fig. 2, A and B) . As expected, the peptide recognition was A*0201 restricted, since killing was inhibited by an A*0201-specific mAb (not shown), and, in ~ panel of EBV-B cell lines, only A*0201 + cells were lysed (Fig. 2, C and D) . .. i~, ..... i~2 ..... i'63 ...... f~- 
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Fluorescence intensity (log) * GAD114-123-specific CTLs described in Fig. 2 were incubated in the presence of irradiated autologous EBV-B cells that had been pulsed with peptide GAD114-123 or peptide GAD203-212 or infected with Vacc/ hGAD.
an irrelevant control gene (Vacc/TAP1). This indicates that GAD114-123 peptide is generated by the processing of the GAD protein and represents a natural dominant epitope. Our finding of CD8 + GAD-specific cytolytic T cells in asymptomatic as well as in early diabetic patients suggests that CD8 + T cells are involved in the initial stages of the diabetogenic process. Interestingly, the GAD-specific CTLs seem to be activated only in the early development of the disease, perhaps as early as CD4 + T cell responses. This is suggested by the fact that we have not been able to isolate CTLs specific for GAD from peripheral blood of the same subjects collected 2 and 6 mo after the onset of diabetes (data not shown).
MHC class II-restricted T cells are thought to play a pivotal role in the pathogenesis of IDDM. This view is supported by several lines of evidence. First, IDDM only occurs in mice and humans expressing certain MHC class II alleles (19) . Second, the disease can be transferred by a CD4 + T cell clone (20) . Third, the incidence of IDDM is increased in NOD mice expressing a transgenic TCR cloned from a diabetogenic CD4 + T cell line (21) . Fourth, IDDM does not occur in NOD mice in which T cell tolerance has been induced by intravenous or intrathymic injection of GAD (1, 2) . None of these findings, however, exclude a pathogenic role of CD8 § cytotoxic T cells. Indeed, experiments involving the transfer of T cell subsets into neonatal (4) or athymic NOD mice (5), as well as the depletion of T cell subsets by the in vivo administration of antibodies (for review see reference 22) , do indicate that both CD4 + and CD8 + T cells are involved in the development of IDDM. Furthermore, these and other reports (23) (24) (25) (26) (27) suggest that class I-restricted recognition is as important as class II-restricted recognition.
The CTLs described here kill GAD-expressing cells and may thus contribute to the development of IDDM by killing cells. In addition to their cytolytic potential, GAD-specific CTLs produced IFN-T in response to GAD114-123 peptidepulsed, as well as to Vacc/hGAD-infected, HLA-A*-0201-expressing cells (Table 1 ). The early production of IFN-3, might play a role in promoting the development of type I diabetes. Indeed, it has been shown that expression of the gene encoding IFN-3, under the control of the insulin promoter resulted in inflammation in the islets and diabetes in transgenic mice (28) . Furthermore, IFN-3~ might have an important immunoregulatory role in vivo by promoting the development of autoreactive CD4 § T cells able to induce IDDM in genetically susceptible individuals (29) . In this context, IFN-y has been shown to be a strong inducer of Thl responses while inhibiting the differentiation and effector function of the Th2 cells. Evidence suggesting a pathogenetic role for Thl cells in IDDM has recently been provided by studies in NOD mice (30) (31) (32) .
